MutS, a DNA mismatch-binding protein, seems to be a promising tool for mutation detection. We present three MutS based approaches to the detection of point mutations: DNA retardation, protection of mismatched DNA against exonuclease digestion, and chimeric MutS proteins. DNA retardation in polyacrylamide gels stained with SYBR-Gold allows mutation detection using 1-3 µg of Thermus thermophilus 
and it seems there is still a demand for improvement. MutS, mismatch binding protein, as a natural guard of replication fidelity, appears to be an excellent tool for the detection of point mutations.
MutS
In vivo, MutS and other mismatch binding proteins, are the key elements of DNA repair systems, which trigger the sequence of events resulting in the correction of the mismatched site. In the bacterial DNA repair systems, the MutS binding to the DNA mismatch is the first signal. Then, the MutL protein joins MutS-DNA complex and activates the MutH protein. MutH, an endonuclease, cuts the non-methylated strand within a hemimethylated GATC sequence, even up to 1 000 bp upstream or downstream of the mismatch. The further repair process includes exonucleolytic digestion of the non-methylated DNA strand. The exonuclease digestion proceeds from the cu�ing site towards
MUTATIONS
Single nucleotide polymorphisms (SNPs) account for thousands of genetic diseases and neoplasms, which are reported to afflict almost 40% of the human population (Connor & Ferguson-Smith, 1997) . SNP detection and genotyping may be helpful in the diagnosis, therapy and prophylaxis of thousands of single gene disorders, numerous multifactorial diseases and neoplasms; it also could be invaluable in the prediction and elimination of drug side effects (Roses, 2001) . Although individual genetic disorders are rare, collectively they comprise over 15 500 recognized diseases (McKusick, 1994) . DNA sequencing is a gold standard to detect mutations, but the approach is relatively expensive and laborious. If a huge number of samples should be examined, applying a cheap and rapid screening method could be useful to select the mutant samples for the sequencing analysis. Numerous solutions have been proposed to introduce a cheap, rapid and reliable method for mutation analysis, the incomplementarity. The digestion is completed a few nucleotides following the mispaired bases by 5'-3' exonuclease VII and exonuclease RecJ and 3'-5' exonuclease I. The resynthesis of the removed strand is carried out by DNA polymerase III holoenzyme. DNA ligase completes the repair process by the formation of phosphodiester bonds in the DNA strand (Modrich, 1991; Au et al., 1992; Allen et al., 1997) .
In vitro, MutS recognises mispaired bases and unpaired bases, small DNA insertion/deletion loops of one to three (Whitehouse et al., 1997) , four (Parker & Marinus, 1992) or five nucleotides (Stanisławska-Sachadyn et al., 2005) . MutS also binds damaged DNA, like DNA adducts (Ducke� et al., 1996; Johnson et al., 1999) . Mg 2+ is the only factor required for mismatch binding. Adenine nucleotides like ATP or ADP reduce MutS binding to complementary DNA (Blackwell et al., 2001) . DNase footprinting analysis revealed that Thermus aquaticus MutS protects a 24-28 bp region symmetrical around the mismatch (Biswas & Hsieh, 1997) . Crystal structure analyses have revealed the MutS amino-acid residues contacting an approx. 15 bp DNA region around the mismatch (Lamers et al., 2000; Obmolova et al., 2000) .
The efficiency of mismatch binding may depend on the MutS origin, mismatch type and the sequence context (Brown et al., 2001; Joshi & Rao, 2001) . Escherichia coli MutS is reported to repair efficiently G:T, A:C, A:A, G:G mismatches, T:T, T:C and A:G repair depends on the nucleotide sequence context (Su et al., 1988) , C:C is repaired at a very low level and the repair is probably MutS independent (Nakahara et al., 2000) . T. thermophilus MutS is reported to recognise T:T and C:T mismatches most efficiently, the recognition of C:C, G:T, G:G, G:A, C: A, and A:A mismatches is less efficient (Whitehouse et al., 1997) .
The size of bacterial MutS monomers exceeds 90 kDa. MutS binds DNA mismatches as a structural heterodimer (Lamers et al., 2000; Obmolova et al., 2000) , which means that two identical MutS subunits acquire different conformations a�er DNA mismatch binding, as revealed by the crystal structures. MutS with the intact C-terminus forms tetramers assembled from two dimers (Bjornson et al., 2003; Stanisławska-Sachadyn et al., 2003) . The N-terminal part of MutS is responsible for the mismatch recognition; the C-terminal part containing an ATPase domain, for oligomerization. The N-terminus of the protein is flexible and protruding, whereas the structure of the very C-terminus remains unknown because the MutS crystals were obtained after the truncation of 32 (E. coli, Lamers et al., 2000) or 46 (T. aquaticus, Obmolova et al., 2000) C-terminal amino-acid residues, which are responsible for the tetramer formation, but are dispensable to form a dimer (Biswas et al., 2001 ).
C-and N-terminal MutS functional fusions have been constructed and reported to maintain the ability of mismatch recognition: the N-terminal MutS fusions with the oligohistidine tag (Feng & Winkler, 1995; Worth et al., 1998; Wu & Marinus, 1999) ; MutS fusions with larger domains like the 40 kDa MBP, maltose binding protein (Gotoh et al., 2000; Biswas et al., 1999) , and the Trx-Streptag domain of around 30 kDa (Bi et al., 2003) .
EUKARYOTIC MutS HOMOLOGUES
In eukaryotes, multiple MutS homologues have been identified: MSH1, MSH2, MSH3, MSH4, MSH5, MSH6. Unlike the prokaryotic MutS, the yeast and mammalian homologues have specialised roles. The MSH2/MSH3 heterodimer, known as MutSβ, preferentially binds 2-4 nucleotide insertion/deletion loops, while MSH2/MSH6, known as MutSα, preferentially binds base/base mismatches and one base insertion/deletion loops. MSH4 and MSH5 stimulate meiotic crossover and do not appear to function in mutation avoidance (Buermeyer et al., 1999) . MSH1 is required for the normal function of Saccharomyces cerevisiae and protects against base pair substitutions and frameshi�s in the mitochondrial genome; mammalian MSH1 homologues have not been found so far.
ARCHAEAL MutS HOMOLOGUES
Archaeal genomes contain the nucleotide sequences encoding proteins of significant homology to bacterial MutS proteins, e.g.: Pyrococcus furiosus (Genbank accesssion number UCHGR_2261), Methanothermobacter thermautotrophicus (AE000931), and Halobacterium sp. NRC-1. It is intriguing that though the genomes of Pyrococcus furiosus, Pyrococcus abyssi, and Pyrococcus horikoshii have been sequenced no nucleotide sequence encoding a protein of significant homology to MutL and MutH has been found. Another archeon, the halophile Halobacterium (Genbank accession number AAG18777, AE004982.1) has three genes encoding proteins of significant homology to MutS: MutS1 -871 amino acids (AAG18781, AE004982.1), MutS2 -863 amino acids (AAG18788, AE004983.1) and MutS3 -669 amino acids (AAG20386.1, AE005111.1). Although the full nucleotide sequence of Halobacterium sp. NRC-1 genome is known, none nucleotide sequence encoding a protein of significant homology to bacterial MutH has been identified. However, there is a Halobacterium sequence encoding a protein of significant homology to MutL (Genbank accession number AAG18777). These data may suggest that the roles of bacterial MutS and of the archaeal homologues are different. A filter-binding assay showed that P. furiosus MutS2 protein binds DNA, but no specific mismatch recognition has been observed (Vĳayvargia & Biswas, 2002) .
MutS BASED METHODS FOR MUTATION DETECTION
In vivo, MutS recognizes premutational changes in genomic DNA. In vitro, mutation detection employing MutS usually includes four steps: PCR amplification of the DNA region containing a mutation, preparation of DNA heteroduplexes, formation of MutS-DNA complexes, and detection of MutS-DNA complexes. The DNA heteroduplex is prepared by mixing equimolar amounts of an examined and a reference PCR product (without mutation), heating to denature DNA, followed by cooling to renature it. The heating and cooling could be repeated several times to mix the examined and reference DNA properly. As the result, the DNA strands from the reference DNA hybridize with the DNA strands from the examined DNA, thus forming DNA heteroduplexes ( Fig. 1) . If the examined DNA contains a mutation, the DNA heteroduplex is mismatched. If heterozygotic alleles are examined (i.e. one allele contains a mutation, the other does not), the addition of the reference DNA is not necessary (Stanisławska-Sachadyn et al., 2005) .
Formation of a MutS-DNA complex may be detected in many ways: direct microscopic observation of complexes using atomic force microscopy, AFM (Sun & Yokota, 2000) , the DNA mobility shi� in electrophoresis (Lishanski et al., 1994; Takamatsu et al., 1996; Stanisławska-Sachadyn et al., 2005) , DNA protection by MutS against nuclease digestion (Ellis et al., 1994; Sachadyn et al., 2000) , the detection of MutS-DNA interactions on a solid phase, including filter assays with radioactive (Whitehouse et al., 1997) or biotin (Wagner, et al., 1995) labelled DNA, and on chip detection (Gotoh et al., 1997; Behrensdorf et al., 2000; Bi et al., 2003) . The detection of MutS was enabled by using fluorescent MutS (cyanine labelled) or one fused with reporter domains like a biotinylated tag (Geschwind et al., 1996) or GFP (Stanisławska- Sachadyn et al., J Biotechnol, accepted) .
The proposal to detect mutations directly in genomic DNA by PCR amplification of MutS protected DNA (Parsons & Heflich, 1997; ) is interesting, but the method requires both perfect digestion of non-protected DNA and perfect specificity of MutS binding. The assay enables the enrichment of the mutant sequence approx. 1000-fold.
Mutation detection in PCR products is not the only MutS application. MutS combined with MutL and MutH were used to remove the mutant sequences produced as the result of DNA polymerase errors from PCR products, as MutH digests DNA fragments complexed by MutS (Smith & Modrich, 1997) . A very interesting MutS application is cloning of DNA regions containing point differences, coming from otherwise identical genomes. MutS immobilised on a solid phase was used to capture the mismatched DNA fragments, that represented the point differences between genomes (Gotoh et al., 2000; Wang & Liu, 2004) .
Another group of proteins recognizing mismatched DNA are DNA resolvases. The DNA resolvases recognize not only DNA mismatches, but many other atypical DNA structures like X-and Y-forms, and several nucleotide insertion/deletion loops (Kemper, 1997) . Unike MutS, resolvases are endonucleases, which cut the mismatched DNA fragment.
At present, MutS based methods are not commonly applied to mutation analysis, although T. aquaticus thermostable MutS protein was commercially available from Epicentre, and E. coli MutS and MutS based detection kits were offered by Genecheck.
T. thermophilus MutS AS A TOOL FOR MUTATION DETECTION
In our studies, we decided to explore T. thermophilus MutS as a tool for mutation detection. T. thermophilus MutS, although a thermostable protein, recognises mismatches at 60°C and at room temperature as well (Takamatsu et al., 1996) . The The tested and reference PCR products are mixed, heated and cooled to form heteroduplexes. Single nucleotide differences between the PCR products result in the formation of DNA mismatches (Stanisławska-Sachadyn et al., 2003) .
other advantage of TthMutS was the ability to recognise all mismatches with similar efficiency. According to the reported data, differences in the efficiency of mismatch recognition dependent on mismatch type are strongly manifested by E. coli MutS, while they are much less pronounced in the case of T. thermophilus MutS. Thus, the efficiency of T. thermophilus MutS binding to the most weakly recognised A:A mismatch was 40% of that for the best recognised T:T mismatch as estimated by filter-binding assay (Whitehouse et al., 1997) . The affinities of E. coli MutS for the most weakly recognised C:C and C: T mismatches were around 10% of that for the best recognised G:T mismatch as estimated by DNase I footprinting (Su et al., 1988) .
We have investigated three approaches for MutS application in SNP analysis: DNA retardation assay, DNA protection assay, and MutS fusions with reporter domains.
DNA RETARDATION
DNA retardation assay, known as the mobility shi� assay or gel-shi� assay, is a method commonly employed to the examination of DNA-protein interactions. The method has been already applied to examine DNA-MutS interactions rather, than to detect mutations. The DNA fragments examined in these assays are usually radiolabelled, short DNA fragments (15-30 bp). We used PCR fragments in the range of 200-700 bp. In our assay (Stanisławska- Sachadyn et al., 2005) , the PCR products were neither labelled nor purified prior to examination. The MutS-DNA complexes were electrophoresed in polyacrylamide gels stained with a sensitive fluorescent dye, SYBR-Gold (Fig. 2) . The approach allows the detection of DNA mismatches thanks to MuS binding. Mismatches over three nucleotides are reported not to be recognized by MutS (Whitehouse et al., 1997) . However, such mismatches are easily detected thanks to the formation of large insertion/deletion loops, which delay the electrophoretic migration, even without MutS complexing. Thus the range of the detected mutations is broadened, as the insertions/deletions over three nucleotides also could be detected in the same assay, yet in a different way.
MutS binds not only DNA mismatches, but fully complementary DNA as well. As MutS covers around 20 nucleotides, the short DNA fragments prepared from two synthesized complementary oligonucleotides (up to 30 bp) could only contain one binding site for MutS. Thanks to the examination of 262 bp PCR fragments, we could observe some feature of the so called non-specific MutS binding (Stanisławska- Sachadyn et al., 2003) . The 262 bp DNA fragments were long enough to be bound by several MutS oligomers, which should result in the formation of at least several retarded DNA bands. Even at considerable MutS molar excess (12:1), we observed mostly one retarded DNA band for a fully complementary DNA fragment, which suggests that MutS binds fully complementary DNA at some specific sites (e.g., the ends of a DNA fragment). The fully complementary DNA fragment retarded by MutS migrated faster than a mismatched DNA fragment retarded by MutS, which indicates that the mode of complementary DNA binding is different from that for mismatched DNA.
The DNA retardation assay in polyacrylamide gels stained with SYBR-Gold allowed mutation detection using 1-3 µg of T. thermophilus his 6 -MutS protein (obtained in milligram amounts per 1 litre of E. coli culture) and 50-200 ng of a PCR product (Stanisławska-Sachadyn et al., 2005) .
MutEX-SYBR-GOLD-MutS DNA PROTECTION ASSAY
The nucleotide sequence covered by a protein may be identified in footprinting experiments, as it is protected against nuclease digestion (Biswas & Hsieh, 1997) . A similar approach was proposed to the mutation detection using MutS. Mismatched DNA fragments were protected by E. coli MutS against the digestion by the T7 DNA polymerase 3'-5'-exonuclease activity. The digestion terminated on each DNA strand at the MutS binding site, the undigested DNA fragments were analysed using capillary electrophoresis (Ellis et al., 1994) . In our protection experiments, we employed T4 DNA polymerase as the 3'-5'-exonuclease, and T. thermophilus MutS, but the main difference, that we introduced, was the application of SYBR-Gold for direct detection of undigested DNA fragments in the test tube. Thus we created a single-tube assay -the mutation was visualised thanks to the higher fluorescence of the tube containing the undigested mismatched DNA compared with the digested controls of fully complementary DNA (Fig. 3) . The system was very promising as shown in model experiments (Sachadyn et al., 2000) . Unfortunately the use of the test in routine experiments could be complicated due to the properties of the exonuclease used. Complete digestion of the fully complementary DNA controls required a large excess of the exonuclease. Paradoxically, the DNA exonuclease was contaminated with DNA traces, so the excessive amount of the enzyme added resulted in fluorescence coming from the contaminating DNA. In our opinion the assay is still promising but demands the introduction of a more efficient DNA exonuclease. The assay required around 360 ng of PCR products in the range of 200-700 bp and 1-3 µg of MutS.
MutS FUSIONS WITH REPORTER DOMAINS
The detection of MutS-DNA complexes on a solid phase requires either MutS or DNA to be immobilised. If the protein is immobilised, the DNA bound by MutS should be labelled to be detected. The solution has been applied in a number of studies using nitrocellulose filters and DNA labelling either with radioisotopes or biotin (Whitehouse et al., 1997; Wagner et al., 1995) . If DNA is immobilised, MutS bound by DNA should be detected. The MutS captured by the immobilised DNA could be detected using MutS specific antibodies or antibodies directed towards an additional domain fused with MutS (e.g., an oligohistidine tag). However, instead of using antibodies to detect MutS, a reporter domain could be fused to MutS directly. The advantage of this approach is that an enzymatic reporter domain is able to produce a very strong signal (Table 1) , so minute amounts of DNA may be examined. Furthermore, the assay would be simplified as one fusion protein would be responsible both for mismatch recognition and signal detection. In fact, MutS possesses an enzymatic activity of ATPase, yet this does not seem to be convenient for rapid, sensitive, and selective detection. We chose alkaline phosphatase and β-galactosidase as the most useful reporter domain to be fused with MutS for the stability, high catalytic activity and a great selection of chromogenic, fluorogenic and chemiluminescent substrates allowing sensitive detection. Minute amounts of β-galactosidase: 2 ng -12 000 molecules (Jain & Magrath, 1991) or 8 fg -48 000 molecules (Bronstein et al., 1996) have been reported to be detected using a chemiluminescent assay. According to the data presented by Tropix, 4 000 β-galactosidase molecules and 30 000 alkaline phosphatase molecules could be detected using chemiluminescent reagents (Table 1) .
We also designed fusions of MutS with fluorescent proteins like Aequorea victoria green fluorescent protein, GFP (Stanisławska-Sachadyn et al., J Biotechnol, accepted) and red fluorescent protein (DsRed) from an anemone of the genus Discosoma. Though the fluorescent proteins are not detectable The examined DNA (mut) is mixed with reference DNA (wt), the mixture is heated, cooled, then MutS is added, followed by the addition of DNA exonuclease (T4 DNA polymerase). MutS binds to DNA mismatches. The DNA complexed with MutS is partially protected against exonuclease digestion. The results are visualized with a sensitive fluorescent dye (SYBR-Gold) (Sachadyn et al., 2000) .
thanks to an enzymatic activity, which allows signal amplification, they do not require any substrates and work in a broad range of conditions. The fluorescent proteins may be detected using fluorescent microscopy with excellent sensitivity, reaching even single molecules (Iwane et al., 1997; Fries et al., 1998; Ku- , 2000) . Also microfluidic devices are promising for rapid detection of single molecules (Wabuyele et al., 2001) . We designed and examined a series of fusion proteins summarised in Table 2 . The fusion proteins were obtained by in frame cloning of the reporter domain genes into plasmids bearing the T. thermophilus mutS gene. The proteins were expressed in E. coli and purified using metal-chellate affinity chromatography.
The fusions with alkaline phosphatase, both bacterial (phoA) and placental (SEAP), exhibited very low alkaline phosphatase activity, thus were useless for the desired purpose. The chimeric protein consisting of β-galactosidase fused to the MutS N-terminus (β-galactosidase-MutS) was split into two parts, probably due to the activation of a cryptic proteolytic site. This process is typical of E. coli β-galactosidase fused to the N-terminus of a large protein (Viaplana et al., 1997; Corchero & Villaverde, 1999) . The fusion of β-galactosidase to the MutS C-terminus (MutS-β-galactosidase) was stable, and exhibited both mismatch binding and β-galactosidase activities (Sachadyn et al., submi�ed) . The β-galactosidase activity was comparable to that of the native enzyme. The mismatch binding activity was confirmed using DNA retardation assay. The examination of mismatch-binding activity on a solid phase was demanding, because MutS-β-galactosidase was bound quite efficiently to the ion-exchange membranes and filters applied to DNA immobilisation. MutS-β-galactosidase was not bound by the plastic microplates coated with avidine that were used for immobilisation of biotinylated DNA. Unfortunately the binding of biotinylated DNA was not efficient enough for a rapid and sensitive assay.
The fusion of T. thermophilus MutS with E. coli β-galactosidase was the first a�empt to obtain a bifunctional chimeric protein exhibiting mismatch binding properties and an enzymatic activity enabling sensitive detection using a colorimetric assay. The fusions with enzymatic reporter domains like β-galactosidase could be applied to the detection of mutations on ELISA microplates with immobilised DNA or in dotblot systems. The enzymatic domain increases the sensitivity of detection, theoretically enabling even direct detection in genomic DNA, without PCR (Fig. 4) . The fusions with fluorescent domains like GFP could be applied in microchip systems.
CONCLUSIONS
MutS seems to be a promising tool for SNP analysis. The described DNA retardation and DNA protection procedures for mutation detection required a few hundred nanograms of tested DNA and 1-3 µg of MutS. The amount of MutS obtained from 1 litre of E. coli culture is a few milligrams, which may be sufficient for thousands of SNP analysis. Unfortunately, MutS interactions with fully complementary DNA complicate the application of MutS to mutation detection. MutS fusion with enzymatic domains, like β-galactosidase, is an especially interesting solution, as it could increase the sensitivity of detection, hopefully enabling direct mutation detection in genomic DNA.
